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Mutational analysis has been used to investigate cis-acting sequences in the 39- and 59-untranslated regions of red clover
necrotic mosaic virus RNA2 required for replication in the presence of wild-type RNA1. Deletion of a sequence near the 39
end of RNA2, which is potentially capable of forming a stable stem-loop structure, abolished the ability of RNA2 to replicate
in Nicotiana clevelandii protoplasts, as judged by the failure to detect production of either the positive or negative RNA
strand. A base-paired structure in the stem was shown to be essential for replication, but a mutant RNA2 in which every base
of the stem had been altered was able to replicate in N. clevelandii protoplasts, to produce lesions on leaves of Vigna
unguiculata plants, and to infect N. clevelandii plants systemically. However, changing three bases in the loop of the potential
stem-loop structure abolished the replication of RNA2. Upstream sequences in the 39-untranslated region of RNA2 were also
shown to be important for RNA2 replication. Deletions in the 59-untranslated region of RNA2 showed that sequences across
the whole of this region were needed for production of the positive strand but not for production of the negative strand. Some
of the cis-acting sequences required for replication of RNA2 have almost identical counterparts in RNA1, but others appear
to be unique to RNA2. © 1999 Academic Press
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Red clover necrotic mosaic dianthovirus (RCNMV) has
genome of two positive strand RNA segments: RNA1
3.9 kb) and RNA2 (1.45 kb) (Lommel et al., 1988; Xiong
nd Lommel, 1989). RNA1 encodes a 27-kDa protein
p27) and an 88-kDa protein (p88), which is translated by
xtension of p27 as a result of a ribosomal frameshift
ear the 39-end of the p27 open reading frame (ORF) (Kim
nd Lommel, 1994; Xiong et al., 1993). P88 contains a
DD motif and other amino acid sequences typical of
NA-dependent RNA polymerases (reviewed by Buck,
996). Mutational analysis suggests that both p27 and
88 are required for RCNMV RNA replication (Giesman-
ookmeyer et al., 1995). RNA1 also encodes the coat
rotein, which is translated from a 39-coterminal sub-
enomic RNA (Osman and Buck, 1990; Zavriev et al.,
996). RNA2 encodes a 35-kDa protein that is required
or cell-to-cell movement in plants. It is not required for
eplication of RNA-1 in protoplasts (Fujiwara et al., 1993;
sman and Buck, 1987; Paje-Manalo et al., 1989), but it
ontains a sequence within the gene for the 35-kDa
ovement protein that transactivates the coat protein
ubgenomic promoter in RNA1 (Sit et al., 1998).
Little is known about cis-acting sequences needed for
CNMV RNA replication. The 39-terminal 27 nucleotides
re almost identical between RNA1 and RNA2. There
1 To whom reprint requests should be addressed. Fax: 144-171-584-
p056. E-mail: k.buck@ic.ac.uk.
115lso is a high degree of sequence identity between
NA1 nucleotides 3817–3852 and RNA2 nucleotides
315–1346 (Lommel et al., 1988; Xiong and Lommel,
989). One or both of these regions could be important
or specific recognition and binding of the RNA-depen-
ent RNA polymerase and the initiation of negative-
trand RNA synthesis. The 59-terminal six nucleotides
re also identical between RNA1 and RNA2 (Giesman-
ookmeyer et al., 1995) and could be involved in the
nitiation of positive-strand RNA synthesis. Zavriev et al.
1996) showed that 13 of the 14 59 terminal nucleotides of
he coat protein subgenomic RNA were identical to the
orresponding nucleotides at the 59-terminus of RNA1,
nd mutational analysis indicated that some of these
ucleotides are important for subgenomic RNA synthe-
is.
Here we report the results of a mutational analysis of
is-acting sequences in the 39- and 59-untranslated re-
ions of RCNMV RNA2 and identify regions that are
ssential for the replication of RNA2.
RESULTS AND DISCUSSION
ationale for analysis of cis-acting sequences in
CNMV RNA2 replication
It has previously been shown that RNA derived from
urified RCNMV virions can infect protoplasts of Vigna
nguiculata (cowpea) (Osman and Buck, 1987) and Nico-
iana tabacum (tobacco) (Paje-Manalo et al., 1989). In
reliminary experiments (not shown), we compared the
0042-6822/99 $30.00
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116 TURNER AND BUCKccumulation of RNA1 and RNA2 over a period of 72 h in
rotoplasts of V. unguiculata, N. tabacum, N. benthami-
na, and N. clevelandii inoculated with various amounts
f in vitro synthesized capped RNA transcripts of full-
ength cDNA clones of wild-type (WT) RNA1 (pUCRC1)
nd WT RNA2 (pRC2IG). The best results were obtained
ith N. clevelandii protoplasts inoculated with 5 mg each
f RNA1 and RNA2 transcripts, followed by incubation for
4 h. RNA1 is known to be able to replicate in protoplasts
n the absence of RNA2 (Osman and Buck, 1987; Paje-
analo et al., 1989). Direct mutational analysis of cis-
cting sequences of RNA1 replicating alone would suffer
rom the disadvantage that mutations could affect syn-
hesis of essential replication proteins, as well as repli-
ation per se. In contrast, the only protein known to be
ynthesized by RNA2 is required for virus cell-to-cell
ovement (Fujiwara et al., 1993) but is not known to play
role in RNA replication. We have therefore investigated
is-acting sequences required for replication of RNA2 by
noculating N. clevelandii protoplasts with WT RNA1 tran-
cripts together with mutant RNA2 transcripts. The
mount of mutant RNA2 accumulation was compared
ith the amount of WT RNA2 accumulation in the same
atch of protoplasts inoculated with the same amounts
f WT RNA1 and RNA2 transcripts over the same time
eriod by Northern blotting. An RNA2-specific probe was
sed for this purpose because an RNA1 subgenomic
NA (Osman and Buck, 1987, 1990; Zavriev et al., 1996),
nd sometimes degradation products of RNA1, comi-
rate with RNA2. All experiments were repeated at least
hree times to ensure reproducibility of results, and
ransfection efficiencies of every batch of protoplasts
ere measured by inclusion of WT virus RNA controls.
e also tested the ability of RNA2 mutants (together with
T RNA1) to infect V. unguiculata and N. clevelandii
lants. Although experiments in plants are more difficult
o interpret because mutations in the 59- and 39-untrans-
ated regions of RNA2 could affect the amount of move-
ent protein produced and hence cell-to-cell and sys-
emic movement, as well as replication, they are never-
heless valuable in identifying mutants that are still able
o replicate and move systemically through plants.
RCNMV RNA2 consists of 1449 nucleotides, excluding
he 59 cap. The gene for the 35-kDa movement protein
onsists of nucleotides 81–1034, including the UGA stop
odon. The 59-untranslated region (nucleotides 1–80)
as a high A-T content (65%), and analysis using the
FOLD program predicted little stable secondary struc-
ure, which is in agreement with a previous analysis
Lommel et al., 1988). Using the MFOLD program, the
9-untranslated region (nucleotides 1035–1449) could be
olded into eight alternative secondary structures with
G in the range 2104.3 to 2100.3 kcal/mol. The only
onsistent feature found in all eight structures was a
utative stem-loop structure near the 39-terminus (nucle-
tides 1421–1445; Fig. 1C), which has been described treviously (Lommel et al., 1988). Another putative stem-
oop structure (Lommel et al., 1988), just upstream of the
9-stem-loop structure (nucleotides 1356–1411), was not
resent in any of the eight predicted structures. Primary
equences of the 59- and 39-untranslated regions, pre-
icted secondary structure of the 39-stem-loop, and fea-
ures of the mutants constructed are shown in Fig. 1.
39-stem-loop structure is required for replication of
CNMV RNA-2
To investigate whether the sequence near the 39-ter-
inus, which can be folded into a stem-loop structure
nucleotides 1421–1445), is essential for replication of
NA2, an RNA2 mutant with this sequence deleted
RNA2–6) was produced. When N. clevelandii protoplasts
ere inoculated with RNA2–6 together with WT RNA1
ranscripts and analyzed by Northern blotting 24 h post-
noculation, RNA1 accumulated as expected, but no ac-
umulation of RNA2–6 (positive strand) was detected
Fig. 2A, lanes 5 and 6; Fig. 2B, lanes 1 and 2). It was also
f interest to determine whether the negative strand was
roduced. Northern blotting proved to be too insensitive
or routine detection of the negative strand in protoplasts
noculated with WT RNA1 and RNA2 transcripts. There-
ore, an RT-PCR assay was used with oligonucleotide
rimers TGCTGCCAGTTCCTCCTTTCTG (complementary
o RNA2 nt 846–824) and TCGCCAGGAGCTGGAAAGC-
CTGCC (corresponding to RNA2 nt 402–426) specific
or amplification of a 445-bp fragment from the RNA-2
egative strand. A fragment of this approximate size was
mplified from protoplasts inoculated with WT RNA1 and
NA2 transcripts (Fig. 3, lane 8) but not from those
noculated with WT RNA1 and mutant RNA2–6 (Fig. 3,
ane 9). It is concluded that deletion of nt 1421–1445
bolishes the ability of RNA2 to replicate. Consistent
ith this interpretation, inoculation of cowpea leaves
ith WT RNA1 and mutant RNA2–6 produced no lesions
Table 1), and no replication of RNA2–6 or production of
apsid protein could be detected in inoculated leaves
not shown) or noninoculated leaves (Fig. 4, lane 2, and
ig. 5, lane 2) of N. clevelandii plants by Northern or
estern blotting, respectively, 14 days after inoculation.
To determine whether RNA secondary structure in this
equence is needed for replication, the sequence CG-
CUAGGCA, which comprises the right arm of the puta-
ive stem (Fig. 1C), was first converted to AUUAGCUUAC
o produce mutant RNA2–7 (Fig. 1D). The mutations were
esigned to minimize the formation of non-Watson–Crick
ase pairs and hence increase the probability of the
utative stem being destabilized (Hobza and Sandorfy,
987). When N. clevelandii protoplasts were inoculated
ith RNA2–7 together with WT RNA1 transcripts and
nalyzed 24 h postinoculation, no accumulation of
NA2–7 (positive strand or negative strand) was de-ected by Northern blotting (Fig. 2B, lanes 3 and 4) or
R
u
R
r
c
o
o
F
t
s
r
o
d
M
r
t
t
5
a
c
t
n
o
(
d
N
o
11739- AND 59-UNTRANSLATED REGIONS OF RNA2 OF RCNMVT-PCR (Fig. 3, lane 10), respectively. Furthermore, inoc-
lation of cowpea leaves with WT RNA1 and mutant
NA2–7 produced very few lesions (Table 1) and no
eplication of RNA2–7 or production of capsid protein
ould be detected in inoculated or noninoculated leaves
f N. clevelandii plants by Northern blotting (not shown)
r Western blotting (shown for noninoculated leaves in
ig. 5, lane 3), respectively.
Compensatory mutations were then introduced into
he left arm of the putative stem structure to convert the
equence UGCCUAGUCG in RNA2–7 to GUAAGCUAAU,
FIG. 1. Primary sequences of the 59- and 39-untranslated regions of R
f the mutants constructed. (A) 59-untranslated region. The broken lines
B) 39-Untranslated region. Regions underlined show the nucleotides d
eletion. Arrows above the sequence indicate the positions of the inve
ucleotides shown in bold indicate homologies with the 39-untranslate
f WT (wt) and mutant RNA2.esulting in mutant RNA2–8 (Fig. 1E). This has the effect (f restoring base pairing in the stem but with a sequence
ifferent to that in WT RNA2 (compare Figs. 1C and 1E).
utant RNA2–8 (together with WT RNA1) was able to
eplicate in N. clevelandii protoplasts to a similar extent
o WT RNA2, as evidenced from the production of both
he positive strand (Fig. 2A, lanes 3 and 4; Fig. 2B, lanes
and 6) and negative strand (Fig. 3, lane 11). It was also
ble (together with WT RNA1) to produce lesions on
owpea leaves, which expanded in size in a similar way
o those of the WT virus (Hollings and Stone, 1977); the
umber of lesions was ;80% of that of the WT virus
RNA2, predicted secondary structure of the 39-stem-loop and features
the sequence show the nucleotides deleted in the mutants indicated.
n the mutants indicated underneath the sequence at the start of each
mplementary nucleotides that constitute the stem of the 39-stem-loop.
n of RNA1. (C–H) Predicted secondary structures of the 39-stem-loopCNMV
below
eleted i
rted co
d regioTable 1). After inoculation of N. clevelandii plants with
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118 TURNER AND BUCKNA2–8 (together with WT RNA1), replication of RNA2–8
nd production of capsid protein were detected in both
noculated and noninoculated leaves by Northern blot-
ing (shown for noninoculated leaves in Fig. 4, lane 3)
nd Western blotting (shown for noninoculated leaves in
ig. 5, lane 4), respectively, indicating both cell-to-cell
FIG. 2. Accumulation of positive strand virus RNA in N. clevelandii
rotoplasts inoculated with RCNMV RNA1 and WT or mutant RNA2.
otal RNA extracted from protoplasts immediately after inoculation (0 h)
nd 24 h after inoculation was separated by agarose gel electrophore-
is, transferred to a membrane, and probed with 32P-labeled RNA
ranscripts specific for the positive strand of RNA1 and RNA2 (A) or
pecific for the positive strand of RNA2 (B–D). Equal amounts of RNA
ere loaded in each lane. (A and B) Mutations in the 39-stem-loop
tructure. (A) Lane 1 indicates WT RNA2, 0 h; lane 2, WT RNA2, 24 h;
ane 3, RNA2–8, 0 h; lane 4, RNA2–8, 24 h; lane 5, RNA2–6, 0 h; and lane
, RNA2–6, 24 h. (B) Lane 1 indicates RNA2–6, 0 h; lane 2, RNA2–6,
4 h; lane 3, RNA2–7, 0 h; lane 4, RNA2–7, 24 h; lane 5, RNA2–8, 0 h;
ane 6, RNA2–8, 24 h; and lane 7, WT RNA2 marker. (C) Deletions in the
9-untranslated region, upstream of the stem-loop structure. Lane 1
ndicates WT RNA2, 0 h; lane 2, WT RNA2, 24 h; lane 3, RNA2–2, 0 h;
ane 4, RNA2–2, 24 h; lane 5, RNA2–3, 0 h; lane 6, RNA2–3, 24 h; lane
, RNA2–5, 0 h; lane 8, and RNA2–5, 24 h. (D) Deletions in the 59-
ntranslated region. Lane 1 indicates WT RNA2, 0 h; lane 2, WT RNA2,
4 h; lane 3, RNA2–16, 0 h; lane 4, RNA2–16, 24 h; lane 5, RNA2–17, 0 h;
ane 6, RNA2–17, 24 h; lane 7, RNA2–18, 0 h; lane 8, RNA2–18, 24 h; and
ane 9, WT RNA2 marker.irus movement and systemic infection of the plants. cThe possibility existed that infection with mutant
NA2–8 could have resulted from recombination be-
ween the 39-untranslated regions of RNA2–8 and WT
NA1, which has a 39 sequence that can be folded into
n almost identical stem-loop structure to that in RNA2 to
egenerate a WT RNA2. Although this possibility was
onsidered unlikely because such recombination had
ot occurred with mutants RNA2–6 and RNA2–7, it was
ested by isolating virus particles from infected N. cleve-
andii plants 14 days after inoculation with RNA1 and
utant RNA2–8. Virus RNA was then extracted from the
articles and analyzed by agarose gel electrophoresis.
ands in the positions of RNA1 and RNA2 were detected,
nd the latter was extracted from the gel. To detect the
utant RNA2–8 and WT RNA2 in the extracted band, an
T-PCR was carried out using first-strand primers spe-
ific to mutant RNA2–8 (2–8A; GGGGTAAGCTAATT-
ATAA, complementary to nt 1449–1430; 2–8B; GGG-
TAAGCTAATTTATAATTAGC, complementary to nt 1449–
425) or WT RNA (GGGGTGCCTAGCCGTTATACG) and a
econd-strand primer corresponding to the start of the
NA2 39-untranslated region, common to mutant RNA2–8
nd RNA2 (201F; CGGAAAGACTCTAGACGAGCCG, cor-
esponds to nt 1021–1042). Bands of the expected size of
.42 kb were obtained with primer combinations 2–8A/
01F and 2–8B/201F but not with combination WT/201F.
he 0.42-kb band produced with primers 2–8A and 201F
as gel-purified and cloned. Sequences of several inde-
endent clones showed that the sequence adjacent to
he primer corresponded to that of mutant RNA2–8 in
ach case. It is concluded that recombination between
he 39-untranslated regions of RNA1 and RNA2 had not
ccurred and that mutant RNA2–8 is competent for rep-
ication in the presence of RNA1. Taken together with the
ailure of mutant RNA2–7 to be replicated, the results
ndicate that a base-paired secondary structure in the 39
tem is needed for RNA2 replication but that the se-
uence of the stem is flexible. The small reduction in
FIG. 3. Detection of the accumulation of the negative strand of WT
nd mutant RCNMV RNA2 in N. clevelandii protoplasts inoculated with
CNMV RNA1 and WT or mutant RNA2. The RT-PCR products, ampli-
ied from RNA extracted from protoplasts 24 h after inoculation, were
nalyzed by agarose gel electrophoresis with ethidium bromide stain-
ng. Lane 1 indicates RNA2–12; lane 2, RNA2–13; lane 3, RNA2–14; lane
, RNA2–15; lane 5, RNA2–16; lane 6, RNA2–17; lane 7, RNA2–18; lane
, WT RNA2; lane 9, RNA2–6; lane 10, RNA2–7; and lane 11, RNA2–8.
he position of the 445-bp PCR product is shown. The broad lower
ands, which represent excess primers and tRNAs, act as internal
ontrols for the amount of sample loaded onto the gel in each lane.
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11939- AND 59-UNTRANSLATED REGIONS OF RNA2 OF RCNMVeplication of RNA2–8 compared with WT RNA (Table 1)
ay reflect a small reduction in the stability of the mutant
tem-loop structure (DG 210.2 kcal/mol) compared with
hat of the WT stem-loop structure (DG 215.4 kcal/mol),
alculated using the MFOLD program.
FIG. 4. Detection of positive strand RNA2 in noninoculated leaves of
. clevelandii plants by Northern blotting. Total RNA isolated from
oninoculated leaves of N. clevelandii plants 14 days after inoculation
f plants with RCNMV RNA1 plus WT or mutant RNA2 was separated
y gel electrophoresis and transferred to a membrane. The membrane
as then probed with a 32P-labeled riboprobe specific for the detection
f the positive strand of RNA2. Lane 1 indicates WT RNA2; lane 2,
NA2–6; lane 3, RNA2–8; lane 4, RNA2–2; lane 5, RNA2–3; lane 6,
TABLE 1
Local Lesions Produced on Leaves of Cowpea Plants
Inoculated with RNA2 Mutants
Mutant Mutationa Lesionsb SEMc
Leaves
assayedd
NA2-2 D1036–1231 0.8 0.2 48
NA2-3 D1236–1366 2.1 0.5 48
NA2-5 D1371–1414 37.2 3.0 48
NA2-6 Stem deletion (D1421–1445) 0.0 0.0 48
NA2-7 Stem disruption (Fig. 1D) 0.8 0.3 48
NA2-8 Stem reconstitution (Fig. 1E) 79.4 6.3 48
NA2-9 Loop mutation (U1433G),
(Fig. 1F)
0.4 0.2 48
NA2-10 Loop mutation (A1432C),
(Fig. 1G)
0.2 0.1 48
NA2-11 Loop mutation
(1432AUA14343UAU),
(Fig. 1H)
0.0 0.0 48
NA2-12 D51–80 0.4 0.2 64
NA2-13 D1–2, 21–50 0.2 0.1 64
NA2-14 D21–50 0.0 0.0 32
NA2-15 D1–2 0.6 0.2 32
NA2-16 D1–5 0.4 0.1 32
NA2-17 D6–20 0.1 0.04 32
NA2-18 D69–78 0.0 0.0 32
a D 5 deletion of nucleotides indicated. See Fig. 1 for further details
f mutations.
b 100 times average number of lesions per leaf inoculated with
utant RNA2/average number of lesions inoculated with wild-type
NA2. The average number of lesions per leaf inoculated with wild-type
NA2 was 77.2 (48 leaves).
c SEM, standard error of the mean.
d Two leaves per plant were assayed.NA2–5; lane 7, RNA2–11; and lane 8, RNA2–16. 3mportance of the loop sequence for replication
To determine whether the sequence of the loop in the
9-stem-loop structure is important for replication of
NA2, mutations in the central three nucleotides AUA (nt
432–1434) were made. Mutant RNA2–9 had the change
1433G (Fig. 1F); mutant RNA2–10 had the change
1432C (Fig. 1G); mutant RNA2–11 had changes in all
hree nucleotides (AUA3UAU) (Fig. 1H). When N. cleve-
andii protoplasts were inoculated with each of these
hree mutants (together with RNA1), no accumulation of
he mutant RNA2 positive strand by Northern blotting or
he negative strand by RT-PCR, respectively, could be
etected (not shown). Inoculation of cowpea leaves pro-
uced very few lesions with mutants RNA2–9 and
NA2–10 and none with mutant RNA2–11 (Table 1). No
ccumulation of positive strand mutant RNA2, or capsid
rotein could be detected in inoculated or noninoculated
eaves of N. benthamiana 14 days after inoculation with
ny of these mutants by Northern blotting (shown for
NA2–11, noninoculated leaves, in Fig. 4, lane 7) or
estern blotting (not shown), respectively. It is con-
luded that the sequence in the loop of the 39-stem-loop
tructure is important for the replication of RNA2.
eletions of other parts of the 39-untranslated region
ffect RNA2 replication
The 39-untranslated region of RNA2 consists of 415 nt
nt 1035–1449), excluding the TAG stop codon at the end
f the movement protein gene. To determine whether
equences in this region other than the 39-stem-loop
tructure are required for replication, deletions in RNA2
ere made between nt 1036–1231 (mutant RNA2–2), nt
236–1366 (mutant RNA2–3), and nt 1371–1414 (mutant
NA2–5) (Fig. 1B). Of these, only mutant RNA2–5
together with RNA1) was able to replicate detectably in
FIG. 5. Detection of the RCNMV capsid protein in noninoculated
eaves of N. clevelandii plants by Western blotting. Total protein from
oninoculated leaves of N. clevelandii plants 14 days after inoculation
f plants with RCNMV RNA1 plus WT or mutant RNA2 was separated
y SDS–PAGE, transferred to a membrane and probed with antiserum
o the RCNMV capsid protein. Lane 1 indicates WT RNA2; lane 2,
NA2–6; lane 3, RNA2–7; lane 4, RNA2–8; lane 5, RNA2–2; lane 6,
NA2–3; and lane 7, RNA2–5. The arrow shows the position of the
7-kDa capsid protein (CP).
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120 TURNER AND BUCK. clevelandii protoplasts (Fig. 2C, lanes 7 and 8) and to
nfect N. clevelandii plants systemically (Fig. 4, lane 6;
ig. 5, lane 7) but at a lower level than WT RNA2. To
onfirm that the deletion in mutant RNA2–5 was main-
ained in vivo, virus particles were isolated from N. cleve-
andii plants infected with RNA1 and mutant RNA2–5.
irus RNA was extracted from the particles and sepa-
ated by gel electrophoresis. Bands in the positions of
NA1 and RNA2 were detected. The latter was extracted
rom the gel and used as a template for RT-PCR using
rimer WT for first-strand synthesis and primer 201F for
econd-strand synthesis. A band of the expected size of
.37 kb was obtained, gel purified, and cloned. Sequenc-
ng of several independent clones confirmed the deletion
f nt 1371–1416. Mutant RNA2–5 (together with RNA1)
roduced 37% as many lesions on inoculated leaves of
owpea plants as did WT RNA2 (Table 1). In contrast,
ery few lesions were produced with mutants RNA2–2
nd RNA2–3 (Table 1). In the construction of mutant
NA2–5, nucleotide 1417 (U) in RNA2 was changed to G
o create a ClaI site in mutant RNA2–4. Mutant RNA2–4
roduced as many lesions on cowpea leaves as did WT
NA2 (not shown). The reduction of infectivity of mutant
NA2–5 therefore is due to the deletion and not to this
rior mutation.
It is noteworthy that the deletion in mutant RNA2–3,
hich almost abolishes replication, includes a sequence
nt 1315–1346) that is almost identical to a sequence in
he 39-untranslated region of RNA1. In contrast, the de-
etion in mutant RNA2–2, which also almost abolishes
eplication, has no significant sequence similarity to
NA1. The deletion in mutant RNA2–5 includes a putative
tem-loop structure (nt 1356–1411) (Lommel et al., 1988).
t is clear that this putative stem-loop structure, which
as no counterpart in RNA1, unlike the 39-proximal stem
oop-structure, is not an absolute requirement for RNA2
eplication, and it was not present in secondary structure
odels of the complete 39-untranslated region predicted
ith the MFOLD program. Overall, the results suggest
hat the 39-cis-acting sequences required for replication
f RNA2 have some features in common with RNA1 but
lso have unique requirements.
9-cis-Acting sequences needed for RNA2 replication
To determine whether sequences in the whole or part
f the 59-untranslated region of RNA2 (nt 1–80) are re-
uired for replication, the following RNA2 mutants were
ade (nucleotides deleted in parentheses): RNA2–15 (nt
–2), RNA2–16 (nt 1–5), RNA2–17 (nt 6–20), RNA2–14 (nt
1–50), RNA2–12 (nt 51–80), RNA2–13 (nt 1–2, 21–50), and
NA2–18 (nt 69–78) (Fig. 1A). Analysis of the ability of
hese mutants to replicate in N. clevelandii protoplasts
together with RNA1) indicated that replication was se-
erely impaired in all cases, with only traces of the
utant RNA2 positive strand detected by Northern blot- fing (shown for mutants RNA2–16, RNA2–17, and
NA2–18 in Fig. 2D, lanes 3–8). In contrast, analysis by
T-PCR showed that the negative-strand was produced
n protoplasts from all these mutants (Fig. 3, lanes 1–7).
nly very few or no lesions were produced on cowpea
eaves with any of these mutants (Table 1), and no RNA2
eplication or production of capsid protein could be de-
ected in inoculated or uninoculated leaves of N. cleve-
andii plants 7 and 14 days postinoculation by Northern
lotting (shown for RNA2–16, noninoculated leaves, Fig.
, lane 8) and Western blotting (not shown), respectively.
The results indicate that sequences across the whole
f the 59-untranslated region are needed for replication
f RNA2. Of these, only the 59-terminal six nucleotides
re in common with RNA1 (Fig. 1A). It seems likely
herefore that as with the 39-sequences, there are 59-
equences in common with RNA1, and also RNA2-spe-
ific sequences, required for RNA2 replication.
omparison with cis-acting sequences required for
eplication of other viruses in the Tombusviridae
amily
The Tombusviridae family consists of the Tombusvirus,
armovirus, Dianthovirus, Machlomovirus, and Necrovi-
us genera (Mayo and Pringle, 1998). Viruses in all these
enera are capable of forming one or more potentially
table stem-loop structures near the RNA 39-terminus,
uggesting that these structures may be common RNA-
ependent RNA polymerase recognition features in this
amily and required for initiation of synthesis of the neg-
tive RNA strand. The 39-terminus of cymbidium ringspot
ombusvirus (CymRSV) can be folded into three hairpins.
utational analysis of defective-interfering RNA indi-
ated that none of the hairpins could be deleted without
bolishing replication. Mutations that disrupted base-
airing of the stems also abolished replication, which
ould be partially restored by compensatory mutations
hat restored base-pairing (Havelda and Burgyan, 1995).
imilarly, it has been shown that the secondary structure
f a 39-proximal stem-loop structure, which is conserved
n the genomic RNA, is essential for transcription of a
urnip crinkle virus (TCV) satellite RNA in vitro (Song and
imon, 1995). In these respects, the properties of the
tems resembles that of the 39-proximal stem-loop struc-
ure of RNA2 of RCNMV, a dianthovirus. However, for the
ymRSV-defective and TCV satellite RNAs, alterations in
he sequence of the loop did not affect replication,
hereas for RCNMV RNA2, changes in the loop se-
uence abolished replication.
The 39-untranslated sequence of RCNMV RNA2 (415
t) is unusually long, and we have shown that sequences
ver much of this region, in addition to the 39-proximal
tem-loop structure, are needed for efficient RNA2 rep-
ication. Sequences in the 39-noncoding region, required
or replication in addition to 39-terminal stem-loop struc-
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12139- AND 59-UNTRANSLATED REGIONS OF RNA2 OF RCNMVures, may vary with the RNA. For example, 39-sequences
ownstream of the end of the coat protein gene (;250 nt
rom the 39-terminus) are required for replication of TCV
enomic RNA (Carpenter et al., 1995), whereas only 77 of
he 39-terminal 102 nucleotides of the smallest CymRSV
efective RNA are necessary for replication (Havelda
nd Burgyan, 1995).
Sequences in the 59-untranslated region have been
hown to be important for the replication of numerous
ositive-stranded RNA viruses (Buck, 1996), including
embers of the Tombusviridae family (Russo et al., 1994;
hite, 1996). Defective interfering (DI) RNAs derived from
he genomic RNAs of cucumber necrosis virus (CNV)
Chang et al., 1995; Finnen and Rochon, 1993), cym-
idium ringspot virus (CyRSV) (Havelda et al., 1995),
omato bushy stunt virus (Chang et al., 1995; White and
orris, 1994), and TCV (Zhang and Simon, 1994) retain all
r most of the 59-untranslated region. Analysis of mutant
yMV DI RNAs indicated that although small deletions
ould be tolerated at some sites, sequences from most
arts of the 59-untranslated region were required for
eplication (Havelda et al., 1995), as found here for
CNMV RNA2. Template size, rather than sequence, was
ound to be important for the replication of TCV DI RNAs
n protoplasts, with as little as a single base reduction in
ome regions of the 59-untranslated region affecting DI
NA accumulation (Zhang and Simon, 1994). Template
ize difference alone, however, is unlikely to account for
he inability of mutants of RCNMV RNA2 with 59 deletions
f 2–30 bases to replicate because a mutant with a
eletion of 44 bases at one site in the 39-untranslated
egion (mutant RC2–5) replicated to significant levels in
oth protoplasts and plants, albeit less than the WT.
MATERIALS AND METHODS
T virus and clones
An Australian isolate of RCNMV (Lommel et al., 1988;
iong and Lommel, 1989) was kindly provided by Dr. S. A.
ommel. RCNMV was propagated, and virus particles
nd virus RNA were isolated, as described previously
Osman et al., 1986). Full-length cDNA clones of RCNMV
NA1 (pRC1IG) and RNA2 (pRC2IG) from which infec-
ious RNA transcripts could be generated by in vitro
ranscription with T7 RNA polymerase (Xiong and Lom-
el, 1991) were kindly provided by Dr. S. A. Lommel. A
ore infectious full-length cDNA clone of RNA-1
pU18RC1IG, hereafter designated pUCRC1) was kindly
rovided by Dr. Z. Xiong. Sequence-specific subclones of
NA1 (pRC1BK; contains a BglII–KpnI fragment of
RC1IG, RNA1 nt 2404–3531) and RNA2 (pRC2BK; con-
ains RNA2 nt 170–1280, derived by PCR amplification
rom pRC2IG) were kindly provided by Mr. K.-S. Jansen.
NA2 was originally described as having 1448 nt, includ-
ng the 59 cap m7G (Lommel et al., 1988; GenBank Ac-
ession no. X08021), but two additional nucleotides, AC, bt the 59 end adjacent to the 59 cap were later discovered
Xiong and Lommel, 1991). Revised numbering, starting
ith 59 ACAAA but excluding the 59 cap (giving a total of
449 nt), is used here. There is an error in the GenBank
ntry X08021, which gives nucleotides 1425 and 1426 as
A. The correct sequence for these two nucleotides is
U (Cookmeyer et al., 1995; Lommel et al., 1988; Xiong
nd Lommel, 1989), which we have verified by sequence
nalysis of pRC2IG.
onstruction of mutant RNA2 clones
All mutant cDNA clones of RCNMV RNA-2 were trans-
ormed into Escherichia coli DH5a and verified by se-
uencing. Mutant clone pRC2–2, which has a deletion
rom nt 1036–1231 in RNA-2, was constructed by cleaving
RC2IG with XbaI and NcoI, end-filling the cleaved prod-
ct with Klenow DNA polymerase and dNTPs, and reli-
ating. Mutant clone pRC2–3, which has a deletion from
t 1236–1366 in RNA-2, was constructed by cleaving
RC2IG with NcoI and AgeI, end-filling the cleaved prod-
ct with Klenow DNA polymerase and dNTPs, and reli-
ating. Mutant clone pRC2–4 was constructed from
RC2IG by introducing a ClaI recognition sequence at nt
413–1418 by site-directed mutagenesis (Kunkel, 1985)
sing the oligonucleotide GGCACGGAGAAAATCGATA-
TGCCTAGTCG (ClaI site shown in bold). Mutant clone
RC2–5, which has a deletion from nt 1371–1414 in
NA-2 and a U-to-G mutation at nt 1416, was constructed
y cleaving pRC2–4 with AgeI and ClaI, end-filling the
leaved product with Klenow DNA polymerase and
NTPs, and religating.
Mutant clones pRC2–6 to pRC2–11 were constructed
y PCR-based mutagenesis. For each mutant, a 180- to
00-bp fragment was amplified using Pfu DNA polymer-
se, a forward primer GTATGGACCATGGATGTTC (RNA-2
t 1223–1241, contains a NcoI site shown in bold) and a
everse primer containing part of the vector sequence
ownstream of the 39 end of RNA-2 (underlined in each
rimer) and sequence complementary to the 39 end of
NA-2 containing the desired mutation and a SmaI site
shown in bold in each primer). To construct pRC2–6,
hich has a deletion of nt 1421–1445, pRC2IG was used
s template, and the reverse primer was GCATCCC-
GGGTTATAGTTTTTCTCCGTGCCGG. To construct pRC2–7,
n which the sequence CGGCTAGGCA (RNA-2 nt 1436–
445) was converted to ATTAGCTTAC, the template was
RC2IG and the reverse primer was GCATCCCGGG-
GGTAAGCTAATTTATACGACTAGGCATTATAG. To con-
truct pRC2–8, in which the sequence TGCCTAGTCG in
utant clone pRC7 was converted to GTAAGCTAAT,
he template was pRC7 and the reverse primer was
CATCCCGGGGGTAAGCTAATTTATAATTAGCTTACTTAT-
GTTTTTCTCCGTGCC. Mutant clones pRC2–9, pRC2–
0, and pRC2–11, which contained mutations in RNA-2
etween nt 1432–1434, were produced using pRC2IG as
t
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122 TURNER AND BUCKemplate with the reverse primer GCATCCCGGGGTGC-
TAGCCGTBVBACGACTAGGCATTATAGTTTTTC. For each
onstruction, pRC2IG was cleaved with NcoI and SmaI,
nd the larger cleavage fragment was gel-purified and
igated to the respective NcoI–SmaI-cleaved PCR-ampli-
ied fragment.
Mutant clones pRC2–12 to pRC2–18 with deletions in
he 59-untranslated region of RNA-2 were constructed
rom pRC2IG by site-directed mutagenesis (Kunkel, 1985)
sing the oligonucleotides shown in Table 2.
ynthesis of capped transcripts in vitro
RNA transcripts with a 59-cap structure (m7GpppG)
ere synthesized in vitro from pUCRC1, pRC2IG, and
utant cDNA clones of RNA-2 as described by Xiong and
ommel (1991). Transcripts from pUCRC1 and pRC2IG
re designated RNA1-wt and RNA2-wt, respectively.
ranscripts from mutant clones pRC2–2 to PRC2–18 are
esignated RNA2–2 to RNA2–18, respectively.
rotoplast isolation, inoculation, and processing
Leaves (3–4 cm in length) of 4- to 6-week-old N. cleve-
andii plants, from which the lower epidermal layer had
een removed, were floated, pealed side down, on pro-
oplast enzyme solution [0.5 M mannitol, 0.1 mM CaCl2,
.075 g/l Murashige and Skoog (MS) salts (GIBCO BRL),
.5% cellulase R10 (Unwin), 0.1% Macerozyme (Unwin)]
nd incubated overnight at room temperature. After gen-
le agitation, the protoplast solution was passed through
200-mesh sieve screen and then centrifuged at 200g
or 5 min. The pelleted protoplasts were washed three
imes with protoplast wash solution (0.5 M mannitol, 0.1
M CaCl2, 1.075 g/l MS salts) and resuspended in pro-
oplast wash solution at a concentration of 106 proto-
lasts/ml.
For inoculation, RNA (40 mg each of capped tran-
cripts of RCNMV RNA-1 and WT or mutant RNA-2, plus
00 mg yeast tRNA) was added to 2 ml of ice-cold PEG
olution (40% w/v polyethylene glycol, 0.3 mM CaCl2),
T
Oligonucleotides for Introducing Delet
Clone Deletiona
pRC2–12 51–80 TTGATTGGA
pRC2–13 1–2, 21–50 CTATAG _ AA
pRC2–14 21–50 CTATAGACA
pRC2–15 1–2 GTGAATTGT
pRC2–16 1–5 GTGAATTGT
pRC2–17 6–20 GAATTGTAA
pRC2–18 69–78 CAAGATCGT
a Nucleotides of RNA2 deleted.
b The bars ( _ ) indicate the positions of the deletions. Vector sequenollowed by 1 ml of protoplast suspension. After gentle mixing for 20 s, the mixture was slowly diluted with 50 ml
f protoplast wash solution. After gentle agitation for 30
in, the protoplasts were washed three times with pro-
oplast wash solution and resuspended in 5 ml of proto-
last recovery medium (0.5 M mannitol, 0.1 mM CaCl2,
.075 g/l MS salts, 1 mg/ml 6-benzylaminopurine, 3 mg/ml
-naphthylacetic acid, 60 mg/ml carbenicillin). After tak-
ng a time zero sample (2.5 ml), the protoplasts were
ncubated in continuous light for 24 h.
Time zero and 24-h protoplast samples were pelleted,
nd each suspended in 0.4 ml of RNA extraction buffer
50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 100 mM NaCl, 1%
DS). The mixtures were ground using a mortar and
estle and then extracted three times with phenol–chlo-
oform (1:1). The RNA was precipitated from each sample
y the addition of 40 ml of 10 M ammonium acetate and
ml of ethanol, pelleted by centrifugation, washed with
0% w/v ethanol, dried, and suspended in 6 ml of diethyl
yrocarbonate-treated water.
lant infection and analysis
Leaves of cowpea plants (Vigna unguiculata cv Cali-
ornia Blackeye no. 5), grown to the two-leaf stage, were
noculated with a 20-ml of volume containing 5 mg of
apped RNA-1 transcript and 5 mg of capped WT or
utant RNA-2 transcript using Carborundum as an abra-
ive. After 30 min, the leaves were washed with water to
emove unbound inoculum. Lesions were examined daily
nd counted 14 days after inoculation.
N. clevelandii plants were grown for 6–8 weeks. Two
eaves on each plant were inoculated with a 20-ml vol-
me containing 5 mg of capped RNA-1 transcript and 5
g of capped WT or mutant RNA-2 transcript using Car-
orundum as an abrasive. After 1 h, leaves were washed
ith water to remove unbound inoculum. Then, 0.2-mg
amples were taken from inoculated and uninoculated
eaves 0, 7, and 14 days after inoculation.
Total RNA was isolated from leaf samples by the
ethod of Wadsworth et al. (1988) and virus RNA accu-
the 59-Untranslated Region of RNA2
Oligonucleotide sequenceb
ACAAGATCG _ GATGGCTGTTCATGTGGAAAATTTAAG
GCTCTATAAAC _ TAAGACTACCAACAATACAAAGAGG
CGCTCTATAAAC _ TAAGACTACCAACAATACAAAGAGG
GACTCACTATAG _ AAACCTCGCTCTATAAACAGATTAATTG
GACTCACTATAG _ CCTCGCTCTATAAACAGATTAATTG
CTCACTATAGACAAA _ AGATTAATTGATTGGAAGAAAACAAG
TACCAACAATAC _ GAGATGGCTGTTCATGTGGAAAATTTAAG
stream of the 59 end of RNA-2 are underlined.ABLE 2
ions in
AGAAA
ACCTC
AACCT
AATAC
AATAC
TACGA
AAGACulation was analyzed by Northern blotting. For analysis
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12339- AND 59-UNTRANSLATED REGIONS OF RNA2 OF RCNMVf virus coat protein accumulation, leaf samples were
round in liquid nitrogen using a pestle and mortar, 400
l of cracking buffer (100 mM Tris-HCl, pH 6.8, 200 mM
ithiothreitol, 4% SDS, 0.2% bromophenal blue, 20% v/v
lycerol) was added, and the mixture was vortexed and
entrifuged for 5 min. The supernatant was boiled for 10
in before analysis by Western blotting.
orthern blotting
RNA samples were separated by electrophoresis
hrough denaturing formaldehyde–agarose gels (Sam-
rook et al., 1989) and blotted to Hybond-N membrane
Amersham). Blots were hybridized with riboprobes pre-
ared by in vitro transcription using T7 RNA polymerase
NBL) and [a-32P]UTP (Amersham) of cDNA clones of
NA-2 (pRC2BK, nt 168–1278) or RNA-1 (pRC1BK, nt
404–3531) in pBluescript II SK1.
estern blotting
Protein samples were separated by electrophoresis
hrough 10% SDS–polyacrylamide gels (Laemmli, 1970)
nd then transferred electrophoretically to Hybond C
embranes (Amersham). The membranes were blocked,
ncubated with primary antibodies (RCNMV coat protein
ntiserum, 1:1000 dilution; Osman and Buck, 1987) and
ashed as described previously (Bates et al., 1995).
ound primary antibodies were located with a secondary
ntibody, donkey anti-rabbit immunoglobulin G coupled
o horseradish peroxidase, and chemiluminescence de-
ection with a DuPont Renaissance kit according to the
upplier’s instructions.
T-PCR, cloning, and sequencing
First-strand cDNA synthesis was carried out in Pro-
ega Taq DNA polymerase buffer (20 ml), containing
NA template (1 mg), forward primer (50 pmol), 1.5 mM
gCl2, 200 units of Superscript reverse transcriptase
GIBCO BRL), 8 mM concentrations of dNTPs, and RNa-
in (Promega, 20 units), for 10 min at 23°C and 45 min at
7°C, followed by 5 min at 95°C to inactivate the enzyme
nd then rapid cooling on ice. The first-strand cDNA was
sed as a template for 30 cycles of PCR (94°C, 1 min;
5°C, 1 min; 72°C, 1 min) in Promega Taq DNA polymer-
se buffer (total volume 80 ml), containing Promega Taq
NA polymerase (2.5 units), 8 mM concentrations of
NTPs, 1.9 mM MgCl2, forward primer (50 pmol), and
everse primer (50 pmol). The RT-PCR products were
el-purified and cloned into the vector pGEM-T Easy
Promega). Sequences of cDNA clones were obtained in
oth directions by the Sanger chain termination method
Sanger et al., 1977) using both [a-35S]dATP (Amer-
ham)/T7 DNA polymerase (Pharmacia) and Dye-Termi-
ator cycle sequencing with AmpliTaq DNA polymerase
S (ABI PRISM 377).equence analysis
Analysis of RNA secondary structure was carried out
ith the program MFOLD, which is part of the University
f Wisconsin Genetics Computer Group programs (ver-
ion 8.1) (Devereux et al., 1984), made available by the
.K. Research Council Daresbury laboratory SEQNET
ervice.
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